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Three possibilities for tlie origin of CP violation are discussed: (1) the Standard 
Model in which all CP violation is due to one parameter in the CKM matrix, (2) 
the superweak model in which all CP violation is due to new physics and (3) the 
Standard Model plus new physics. A major goal of B physics is to distinguish 
these possibilities. CP violation implies time reversal violation (TRV) but direct 
evidence for TRV is difficult to obtain. 



1 Introduction 

The symmetries P, C, and T have played a large role in the physics of the past 
50 years, where P is left-right symmetry, C is particle-antiparticle symmetry 
and T for time reversal. Originally, these symmetries were not postulated but 
discovered theoretically as symmetries of the Hamiltonian of QED. In nuclear 
and particle physics one tried to guess at the Hamiltonian or Lagrangian den- 
sity without any classical analogue. The first of these was the Fermi theory of 
the weak interaction governing nuclear beta decays: 

Tiw = Gf {pl^.neJ^'ly) S{r). (1) 

Indeed this may be said to mark the beginning of particle physics. 

As a result of many experiments on nuclear beta decays it appeared that 
additional terms would have to be added to Eq. (|I]) to account for spin-flip 
(Gamow- Teller) transitions. The major advance, however, followed from the 
observation in 1956 by Lee and Yang that no experiment had been sensitive to 
whether parity was conserved in the weak interaction. This led to a number 
of experiments that showed that P and also C were very much violated. This 
couldie accounted for by replacing the fields in Eq. (|l]) by left-handed chiral 
fieldsEI, or, equivalently, replacing 7^ by 7^(1 — 75). This became the standard 
(y - A) theory. 

Even before Lee and Yang it had been shown that it was easy to construct 
Hamiltonians that violated C or P or T but that in fact for every relativistic 
local quantum field theory one could always define the symmetry CPT . Thus 
the {V — A) theory violated C and P but still had the symmetries CP and T. 
Thus it came as a great surprise when it was discovered in 1964 that there was 
a small violation of CP symmetry in K'^ decays. 
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The is characterized by an additive quantum number S conserved in 

strong and electromagnetic interactions but violated by the weak interaction. 
Since S is not a good quantum number K'^ with S = 1 mixes with K'^ with 
S = —1, so one expected the eigenstates to be CP eigenstates 

\K^} = -L {\K°} + \K')) , 

\K,) = 1= - 1^0)) , 

\K°) = CP \K'^). 

The observed eigenstates were Ks (lifetime ts = 0.9 x 10~^° sec) and Kl 
{tl = 5.2 X 10~* sec) with rriL-ms = 0.48 Ts 10~^eV. The primary decays 
were 

Ks — > tt"*" 7r~ and tt" 7r°, 
Kl ^ Stt, 

consistent with the CP assignment Ks — Ki and Kl — K2- The discovery in 
1964 was that Kl also decayed into 7r+ tt" with a small branching ratio. 
There appeared then two alternatives: 

1. Modify the AS' = 1 interaction in some small way from the standard 
{V - A) form. 

2. Assmnc there exists a much weaker AS = 2 interaction that violates CP. 
This would be described by an effective Hamiltonian (in terms of quarks) 

Hsu, = Gsw sOdsOd + h.c, (2) 

where O is some Dirac operator. It is sufficient that 

Gsu, ~ 10"^° to 10-"Gf. (3) 

The superweak idea is that CP violation is confined to K^ — K^ mixing, 
which is a AS = 2 process, second order for the standard theory. In the 
Kl — K2 representation 

.r / Ml im'/2\ i fVi \ 
^-^2 = U-V2 Mi )--2[ rj' 
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where m' is the superweak term and the i is required by CPT invariance. Then 

\Ks) = {\K,)+e\K,))/(l + \sn, 
\KL)^{\K,)+e\K,))/ll + \e\^), 

^= (Afi-Af2)~z(ri-r2)/2' 

Ml - M2 » Ms - Ml - -AMk, 
Fi — r2 w Fs — « Fs. 

The observations give e ~ 2 x lO^'^ which then determines m' from which 
Eq. (|) follows. 

The superweak theory made three predictions: 

1. The CP violation is completely described by e; in particular the observ- 
ables 



where 



V+- = Vao = e, 

r;+_ = A{Kl ^ 7r+ Tr-)/A{Ks ^ ^+ vr-), 
7700 = A{Kl - vr" ^°)M(A'5 - ^° ttO). 

2. The phases of 77^ and 7700 are equal and determined by Eq. to be 

about 43.5° using the empirical values of AMk and Fg. 

3. The CP violation is so small that it will not be seen anywhere else. 

These predictions proved all too true for more than 25 years. 

The alternative to superweak says that CP is violated in the decay am- 
plitude Aq e^^° and A2 e^^^ corresponding to final / = and I — 2 tttt states, 
where 61 is the strong phase shift. From CPT and unitarity Im Aj give the 
amplitudes for the CP- violating transitions K2 — s- tttt. Since there is still in 
any model the contribution m' there are now three CP- violating quantities □ 

TTi', ImAo, ImA2. 

However there is a choice of phase convention using the U{1) transformation 
s se~*" under which the strong and electromagnetic interactions are in- 
variant. For the infinitesimal U{1) as an example 

s — > s(l — i a), 
Im Ai Im Ai — a Re Aj , 
m' m' + a{Mi - M2). 
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Thus there are only two independent quantities which may be chosen as 



e' ocImAo/ReAo - ImA2/ReA2, , . 

e ~ £ + z(IniAo/RcAo). ^ ' 



Then 



VOQ = £- 



2e' 
1 + \/2w' 

where cu — Re A2/Re Aq ~ 0.045 and the last numerical result is empirical and 
a sign of the A/ = 1/2 rule. The quantity e' is a measure of CP violation in 
the decay amplitudes and so not due to a superweak interaction. 



2 The Standard Model vs Superweak 

For 35 years experiments have sought to determine e' by finding the difference 

between r]^ and ?7oo a-nd thus detecting CP violation in the decay amplitude. 

The experiments actually measure 

2 

~l + 6Re(e7e). (8) 

By chance the phase of e given to a good approximation by Eq. and the 
phase of e' given by {tt/2 — Sq + 62) are both approximately equal to 45° so 
that Re(£'/e) ~ le'/^l- Recent experiments have left no doubt that \e'/e\ is 
non-zero and my average of the results is 

\e'/e\ = (20 ±6) x 10"^ 

The big development in weak interactions was the spontaneously broken 
gauge theory. Originally given by Weinberg as a theory of leptons it was 
extended by Glashow, Iliopoulos and Maiani (GIM) to quarks by adding a 
fourth quark charm. With the discovery of neutral currents in 1973 this became 
the new Standard Model. A striking feature of this new theory was that it had 
CP and T invariance and SQ_provided no solution to the CP violation problem. 
In one paragraph of a paperB in 1973 that few people noticed for several years it 
was proposed that if there were six quarks then CP violation could be allowed 
in the Standard Model. With the discovery of b quark physics in 1978 this 
became the standard CKM model of CP violation. 

The only place one can insert complex phases to give CP violation in the 
Standard Model is in the Yukawa interaction. This shows up after symmetry 
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breaking in the unitary CKM matrix Vji eonnecting down quarks di to up 
quarks Uj in the interaction with the W bosons: 

V,-»7^(l-75)d.W^. (9) 

With only four quarks the unitary 2x2 matrix has three phases which can 
be removed by the U{1) transformations of S, charm C, and electric charge 
Q. With six quarks the 3x3 matrix has six phases but only five can be 
removed. In a standard phase convention there are two matrix elements with 
large phases: 

Kb - |Kb|e"'T~AA3(p-zr7), 

Vtd^\Vtd\e-'P ^AX^{l-p-trj), ^'"^ 

where the last equality corresponds to a standard parameterization in powers 
of A = sin 0c — 0.22 (see the lectures by Falk). 

The CP violation is directly proportional to rj. The CP- violating observ- 
able e (determined from 77_| ) is calculated from the box diagram giving the 

K — K mixing parameter m' . (Note Im Aq /Rc Aq is very small compared to 
e m using Eq. (|).) This is directly proportional to 77 and requires that 77 be 
between 0.2 and 0.6. This is very consistent with the constraint from the mag- 
nitude of \Vub\- Note this consistency is significant; when one thought mt was 
20GeV instead of 170 GeV the value of 77 required was larger and the consis- 
tency was much less obvious. Given this value of 77 the phase 7 is expected to 
lie between 45° and 135° and the phase j3 between 15° and 30°. 

The calculation of e' in the Standard Model is very uncertain due to the 
difficulty of calculating hadronic matrix elements (see the lectures by Buchalla) . 
The dominant contribution is the so-called penguin diagram in which a loop 
involving t or c quarks emits a gluon. The s ^ d + g transition contributes 
only to Im Aq. There is also an electroweak penguin s ^ d + (7 or Z) which 
can contribute to ImA2 and somewhat decreases e' (see Eq. (ph). Different 
theoretical calculations give values of e'/e from 1.3 to 6 x 10 77 with large 
errors. Given the uncertainties it seems the Standard Model can explain, 
though not really predict, the value of e'/e. 

The direct CP violation indicated by e'/e is a major blow to the superweak 
theory. Before completely abandoning superweak I thought it would be good 
to define it. There are many possible theories which are effectively superweak; 
their common feature is that at a low energy scale their effective interaction is 
given by 

^e// = Ho + 'Hsun 

where Ho is the Standard Model with the CP- violating parameter rj chosen to 
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zero so that all CP violation is given by Ti-sw which contains terms of the form 

Giju Qi Qj qk qi 

with all Gijki ^ Gf- In particular, as noted, to explain e, Ggdsd ~ 10"^" to 10~^^ Gp- 
In general, the terms in Tisw are derived ficom diagrams involving heavy parti- 
cles beyond those in the Standard ModelQ. 

Because e' is only about 5 x 10~^ the possibility arises that in some theories 
that are effectively superweak such a value of e' could be explained. In fact 
as long as one is only dealing with the first four quarks one can think of the 
Standard Model as effectively superweak. Then Hq is the 4-quark Standard 
Model, which, as we noted, is CP-invariant and Tisw corresponds to effective 
CP- violating interactions due to diagrams involving the heavy t quark which 
determines e and e' . 

The really distinctive features of the CKM model appear only when we 
consider the CP violation involving B mesons. The B — B mixing is dominated 
by the box diagram involving t quarks giving in the B — B representation 

Mi2 cx {Vtl Vtb f ^ A6[(1 - pf + r,2]e2''3. 

Thus in this phase convention there is large CP violation in the ruixing. The 
time-dependent B^{B^) decay rate to a CP eigenstate has a termls 

± ?7/ sin2(/3 — (^/) sin Arnt, (11) 

where is the CP- violating phase in the decay amplitude, ^7/ is the CP 
eigenvalue, and ) corresponds to initial i?°(P"). The observation of this 
asymmetry is the major goal of B factories. The first example will be the 
decay B^{B^) — > Ks which is due to the transition b ^ ccs, for which 
iff — 0. A result from the hadron collider experiment CDF has given the 
result sin 2/3 = 0.8±0.4. By the time these lectures are published more accurate 
values should be available from the BABAR and BELLE experiments. 

Large positive value of sin 2/3 will give strong qualitative evidence for the 
Standard Model. Nevertheless this asymmetry can still be blamed on super- 
weak mixing with G^^i^ ^ 10^^, although only in special models would one 
expect such a large effect in B — B mixing. To finally kill all superweaklike 
theories one must look for the expected large CP violation in the B decay 
amplitude. To allow for the superweak possibility we call the result of the 
first experiment sin 2/3; then if a different decay to a final state /' gives the 
asymmetry sin2(/3 — iff), the phase Lpfi is the relative phase oi B ^ f to 
that ofB^ '^Ks. 
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The most obvious choice for /' is the decay i? 7r+ tt . In the "tree" 
approximation this is due to b uud and so that the phase iff — ip^^ — —7. 
For example, if 7 = 90° then sin2(/3 + 7) = — sin 2/3, a very large direct CP- 
violating effect. This I call the e' experiment for the B system. In contrast to 
e' for the K system which is 5 x 10~^ we expect here sin2(/3 — (^^) — sin 2/3 of 
order unity! 

However, this may not prove so easy. The branching ratio B'^ 
may be only about 5 X 10~^. Furthermore if t/?^ = 2/3— 7r/2 then sin 2(/3 — (/37r) — 
sin 2(3 by accident. In the tree approximation if 2(3 = 45° this would occur for 
7 — 45° near the end of the allowed region. In fact, however, one expects a 
large contribution from "penguin" diagrams corresponding to 6 ^ d + gluon 
via a t quark loop (see the lectures of Rosner). Thus, the decay amplitude is 
given as 

A{B^T:+T:-)^Te~"'^ + Pe'^e'^, (12) 

since the penguin is proportional to Va V^^ and so has the phase (3. Estimates 
based on the rate of i? K-ku suggest P/T as high as 0.4. Assuming the 
strong phase A is small, then is less than I7I so that = —45° corre- 
sponds to 7 ~ 65°. For values of 7 < 75° it may be difficult to detect the 
difference between sin 2/3 and sin2(/3 — (^^); since present evidence from the 
ratio of Am{Bs) / Am{Bd) suggests 7 < 90°, the region 7 < 75° corresponds 
to most of the range of 7. It may prove easier then to consider other decays 
such as B^ p+ n~ and p~ 7r+. 

An alternative would be to consider decays that are dominated by the 
b ^ d penguin. In this case (pf = (3 and sin2(/3 — (pf) — sin2(/3 — /3). In 
the Standard Model (3 — (3 and so there is no asymmetry. The observation 
of such a zero asymmetry in contrast to the large asymmetry for ^ Ks 
would then be evidence for a large direct CP violation. Unfortunately the 
best candidates for such decays might not be very practical; they correspond 
to b dss yielding i?° KsKs, i?° J], etc. Note that even if the 

decay were not pure penguin one would expect an asymmetry very different 
from that for B° ^ * isTs. 

Another possibility is a CP-violating effect in which mixing is not involved. 
One can look for a difference between the rates of P"*" — > / and B^ ^ / or in 
the case of B'^ looking at time t = before mixing for the difference between 

^ f and B^ f . In practice this means looking for the cos Ams t term 
rather than the sin Am^ t. As an example, consider B'^{B^) ^ 7r+ tt^: from 
Eq. (0) 

_ r(P° ^ 7r+ TT-) - r(P° ^ TT+ TT-) 
^ r{B° n+ TT-) + r(P" ^ TT+ TT-) ' 



7 



2 TP sin(/3 + 7) sin A ^^^^ 



+ + 2TP cos(/3 + 7) cos A ' 
For /? + 7 ~ 90° this gives (with P/T = r) 

2r 

A-jr = -— — ^ sm A. 

Thus a very large CP- violating asymmetry is possible if r is greater than 0.3, 
but it all depends on the strong phase A. 

It is very difhcult to make definite statements about the strong phases in 
B decays in contrast to K decays. For K ^ tttt the final state interaction can 
be thought of as elastic scattering with phase shifts S2 and Sq corresponding 
to TTTT states with 1 = 2 and / = 0. However, tttt s-wave scattering at 5 
GeV is highly inelastic involving many channels. The phase A arises from the 
absorptive parts of diagrams corresponding to the strong scattering from other 
final states into the tt tt state. For any weak interaction operator Oi we can 
define the real decay amplitude in lowest order 

Mf. = M% = {f\Om- 

If / were an eigenstate one would then multiply this by e' . Going from the 
eigenstate basis to the states of interest 

A% = 5](/|5V2|y.)(j/|0^|5)^ (14) 

/' 

where S is the strong-interaction S matrix. 

The sum in Eq. ( p^ is over a large number (almost uncountable) of states. 
One can only make some general comments about it: 

1. The strong phase depends on the operator Oi that affects the relative 
importance of different states /'. The phase A in Eqs. (|lj) and ([l^ ) is 
the difference between the strong phase of the "tree" operator and that 
of the "penguin" . 

2. Since the strong scattering is expected to be very inelastic the diagonal 
element (/|S'^^^|/) has as its major effect the reduction of Mff, this is a 
kind of absorption effect. Thus we could write 

Mf, = M%a, + iR, = \Mf^\e'^% 

where a < 1 is the reduction due to absorption. For a "typical" state, 
by unitarity, the scattering "in" due to R compensates for the scattering 
"out" so 



Ri = Jl - af = sinSi. (15) 



8 



3. An estimate can be based on a crude statistical argument 13 in which 
case one can reduce the multichannel problem to an equivalent 2-channel 
problem 

/ COS26' i sin26'\ 
\i sin2e COS26I ) ' 

For f — TTTT the diagonal element cos 29 can be estimated by extrapolat- 
ing data from tt N scattering to tt tt giving 

cos 261 = 77 ~ 0.7. 

Then Eq. ( |l^ becomes 

Mii = cos 9 An + i sin 9 A2i , 

tan (5j = i tan — ^ , (16) 
Au 

where tan6l = f i^^^V^^ ~ 0.42. 

\ l+cos 28 J 

The "typical" result corresponds to A2 = Ai and gives a strong phase 
of 20° to 25°. The quantitative conclusion from Eq. jl^ ) is that if the 
state of interest (labeled 1 here) is a "more probable" final state than 
the states into which that state scatters (lumped into state 2 here) then 
the strong phase may be small. 

In conclusion, after it is clearly shown that CP violation is not superweak 
the next step is to find quantitative tests of the Standard Model by showing 
the consistency of a number of different experiments. This is a major program 
for the next decade. 

3 Time Reversal Violation 

By the CPT theorem CP violation implies time-reversal violation (TRV). 
Strong evidence for CPT invariance comes from the phase of e determined from 
Eq. (y). CPT violation would allow a real off-diagonal term m" in the matrix 
in addition to i m' and thus would change the phase. Since the measured phase 
agrees with theory to about 1° there is a strong limit on m" which corresponds 
to a limit on [■m{K'^)-'m{K'^)]/mK < 10~^*. Nevertheless, it is of great interest 
to look for direct evidence for TRV both as another way to study CP violation 
as well as a way to demonstrate T violation in a straightforward wayEl. 

We discuss here four types of direct evidence for TRV; by this I mean a 
single experiment that by itself is seen to violate T. These are 
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1. A non-zero value of a T-odd observable in a stationary state. The sim- 
plest example is the electric dipole moment of an elementary particle or 
an atom. 

2. A violation of the reciprocity condition on the S matrix 

Sfi = S-i-f 

corresponding to comparing a reaction and its inverse. 

3. A non-zero value of a T-odd observable in the final state of a weak 
decay. As discussed below this depends upon the neglect of final-state 
interactions. 

4. In an oscillation a difference in the probability of a ^ from 6 — !■ a at 
a given time. It is interesting to note that each example immediately 
implies a test of CP violation (conceptual if not practical) by going to 
the anti-particles. In contrast the simplest tests of CP violation have no 
direct relation to TRV; for example, r{B — > /) = r{B /) involves a 
rate which has nothing to do with a TRV observable. 

Experimental limits on the dipole moments of the electron and neutron 

are 

dn < 10"^^ e - cm, 
rfe < 4 X 10~^^ e - cm. 

In the Standard Model rf„ is second-order weak and the calculation depends on 

long-distance effects giving of order 10""^^ e-cm; de is third order and perhaps 
10^"^* e-cm. Thus the interest lies in the search for physics beyond the Standard 
Model (see the lecture by Thomas). 

Many tests of the reciprocity relations exist for strong interactions al- 
though they are of limited accuracy; it is very hard to study the reverse of 
weak interactions. An interesting proposal by Bowman involves the scattering 
of slow neutrons from polarized nuclei in the resonance region. One compares 
the observable < ct„ • / x fc > for incident polarization c7„ and final polarization 
an, where I is the nuclear polarization. T- violating effects in the nuclear wave 
functions could enhance the result. 

An example of a "T-odd observable" in the final state of decay is the muon 
polarization 

P =< ■ X k„ > 



10 



in the decay if ^ tt + /.j + 1/. This does not reaUy violate T except in the Born 
approximation when final state interactions (FSI) can be avoided. As a simple 
didactic example, consider the scattering from a potential 

Vo + Viff -L 

which certainly is T-invariant. The resulting amplitude is 

A = fo + i fiu ■ fi 

where fi is the normal to the scattering plane. In the Born approximation /o 
and /i are real and so < (? • n 0, but beyond the Born approximation /o 
and /i are complex; for example, if s and p waves dominate /o would have a 
phase e* ^° and /i the phase e* . 

For the case of tt'^ + +Df^ there is a Coulomb FSI so that without 

T violation, P ~ 10~^; for the case of K+ 7r° + /i+ + f ^ the FSI involves 27 
exchange so that P ~ 10~^. In the Standard Model the real TRV is expected to 
vanish in semi-leptonic decays. One would expect a real TRV in non-lcptonic 
decays such as A — > pvr" where there is a defined parameter 

13 <x< ■ aP X k > . 

However, the FSI effect is much larger being proportional to sin((5p — 6^) where 
6p, Ss are the ir-p phase shifts. If the experiment is also done with A, then 
(3 + (3 is a clear CP-violating effect and is associated with true TRV, but this 
is hardly "direct evidence" of TRV. 

A large "T-odd observable" has been found in the decay Kl 7r+ tt^ e+ e~ 

C —< he X ■ Z > < fie ■ flT^ > , 

where he{h-K) are the normals to the e+e^(7r+7r^) planes and z is the unit 
vector between the pairs. This was predicted as a result of A' — ^ mixing as 
an interference between an Ml virtual 7 from K2 — > tt 71.7 and an Ei virtual 
bremsstrahlung from Ki tttt^. The theoretical result u is 

C = 0.15 sin((^e + A), 

where A ~ 30° comes from tt tt phase shifts. The experimental result0 verifies 
this; the result is so large because for the e+ e~ energy considered the El is 
much larger than Ml which compensates for the small admixture jej of Ki. 
Since A is involved this is not again obvious TRV. It is of didactic interest to 
consider the limit A ^ 0. In this case C is proportional to sini^e. We know 
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that if^ J in accordance with CPT invariance and T violation. If we had 
assumed CPT violation and T invariance it follows from an analysis like that 
of Eq. replacing im' by to", that (/j^ ~ and so we get the same value 
of C even though there is no TRV and no FSI! 

The explanation lies in the fact that we are here sensitive to higher order 
weak effects which show up in AF in Eq. (|^). I call this the "initial state 
interaction" . This could be considered as a contribution to the decay amplitude 
of the form 

K° -> TT+ t:- ^ K° -> 7r+ tt" e+ 

with 7r+ 7r~ on the mass shell thus giving an absorptive part. Only if A = 
and Ar = would a non-zero C directly show TRV. 

The possibility of seeing CP violation in neutrino oscillations from the 
difference between j/^ — s- and i'^ — s- Df, has been discussed in many papers 
(see the talk by Kayser). The same formula gives the TRV difference between 

— > Vf. and u,, v^. Note that the time dependence (or, equivalently, 
the distance dependence) of the difference is an odd function of time. The 
possibility of doing the TRV experiment requires beams of both and j/g as 
has been proposed for "neutrino factories" based on a muon storage ring. 

In the CP LEAR experiment a difference has been observed between 
the transitions K° and K° K°. Here the initial K° {K°) has been 

identified by its associated production with a {K~) and the final [K^) 
by the charge of the lepton in the semi-leptonic decay. The result in agreement 
with a simple calculation is 

T{K^ K^) - r(j^° ^ -^") _ . p 
r{KO ^ K") + T{K" ^ K^) ^ 

independent of time. This seems somewhat strange since we expected an odd 
function of time. One can also ask from unitarity if goes to more than 

goes to what compensates for this. The answer is that the decays 
to TTTT more than if". Thus, decay plays an essential role, rendering this as a 
direct test of TRV somewhat questionable. 

As we have noted the phase of e is completely consistent with CPT in- 
variance. There is no reason to doubt CPT invariance, which appears very 
fundamental, and so we conclude that the observed CP violation is associated 
with TRV. Nevertheless, unambiguous direct tests of TRV may prove very 
difficult. 
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